Biopharmaceuticals are making increasing impact on medicine, including treatment of indications in the eye. Macromolecular drugs are typically given by physician-administered invasive delivery methods, because noninvasive ocular delivery methods, such as eye drops, and systemic delivery, have low bioavailability and/or poor ocular targeting. There is a need to improve delivery of biopharmaceuticals to enable less-invasive delivery routes, less-frequent dosing through controlled-release drug delivery and improved drug targeting within the eye to increase efficacy and reduce side effects. This review discusses the barriers to drug delivery via various ophthalmic routes of administration in the context of macromolecule delivery and discusses efforts to develop controlled-release systems for delivery of biopharmaceuticals to the eye. The growing number of macromolecular therapies in the eye needs improved drug delivery methods that increase drug efficacy, safety and patient compliance.
Introduction
Since the FDA approval of human insulin for the management of diabetes mellitus in 1982, over 100 clinically-approved biopharmaceuticals [1] have been introduced to the U.S. market. As a class of active pharmaceutical ingredients (APIs), biopharmaceuticals often allow for the treatment of previously incurable diseases with fewer side effects. Now, the demand for biopharmaceuticals is greater than ever before. Total U.S. biologics sales have reached~$63 billion in 2012 [2] , an 18.2% increase over 2011 sales and a 92.7% increase over 2005 sales [2] . Monoclonal antibodies account for the highest percentage, with annual sales reaching $24.6 billion [2] . Likewise, the market for ophthalmic biopharmaceutical drugs has grown tremendously since the introduction of the anti-vascular endothelial growth factor (anti-VEGF) aptamer, pegatanib in 2004, and monoclonal antibody, ranibizumab in 2006 [3] . Currently, sales of macromolecular drugs for ophthalmic indications have reached $4 billion a year in 2011 and are expected to exceed $8 billion in 2016, with an annual growth rate of almost 16% between 2011-2016 [3] .
Significant growth in the number of biopharmaceuticals in recent years will allow better treatment of many chronic ocular diseases that currently do not have treatments. While there may be many new biopharmaceutical entities in the pipeline, current ophthalmic drug delivery technologies are tailored for the delivery of small molecules and/or deliver drugs in a non-targeted manner throughout the eye. For this reason, there is a need to develop drug delivery technologies suitable for macromolecular therapies, ideally targeting them to biologically relevant tissues within the eye. However, ophthalmic delivery of macromolecules is difficult because (i) the large size of the macromolecule limits diffusion and renders topical therapies highly inefficient if not impossible; (ii) tissue barriers, such as the blood retinal barrier, limit the penetration of applied pharmacotherapies to the target site; and (iii) the small size of the eye and presence of many distinct tissues makes targeting necessary. For this reason, ophthalmic drug delivery technology must evolve alongside the significant market growth of biopharmaceutical therapies [2, 3] . This article seeks to describe available ophthalmic drug delivery routes and sustained release systems in development and current use, especially for macromolecules, so that the reader can better design and evaluate systems for particular macromolecule delivery needs. This review builds off other recent reviews of ocular drug delivery [4] [5] [6] .
Ocular diseases: present and future treatments
Ocular diseases affect many people worldwide, and many of these ocular diseases directly impact the patient's vision and quality of life. It is estimated that 285 million people worldwide are visually impaired or blind, and the number of blind individuals increases by approximately 7 million people per year [7] . In the United States alone, about 3.4 million people over the age of 40 are blind or have significant visual impairment (defined as best corrected visual acuity of 20/200 in the better-seeing eye) [7, 8] . The major diseases found in the industrialized world that significantly impact vision include age-related macular degeneration (AMD), diabetic retinopathy, cataract, uveitis, keratitis, and glaucoma.
Currently, the approved macromolecular therapies for the eye involve the use of anti-VEGF agents, of which there are: pegatanib (Macugen®), ranibizumab (Lucentis®) and aflibercept (Eylea®), while bevacizumab (Avastin®) is used off label [3] . Anti-VEGF therapies bind to the VEGF signaling peptide with high affinity to neutralize VEGF's downstream effect of promoting the growth of leaky immature vessels [9] . VEGF has been demonstrated to play a central role in the pathogenesis of choroidal neovascularization (CNV), which is the primary mode of vision loss in wet AMD [10] . VEGF is sufficient to induce CNV formation, and blockade of VEGF signaling can inhibit the formation of CNV in animal models. Anti-VEGF treatments are currently FDAapproved for neovascular AMD, but can be used off-label for other diseases, such as corneal neovascularization [11] [12] [13] and neovascular glaucoma [14] [15] [16] .
There are a number of emerging macromolecular drugs that are in clinical trials. For example, Fovista® (Ophthotech, Princeton, NJ) is a platelet-derived growth factor (PDGF) aptamer (50 kDa) that strongly binds to PDGF-B, which regulates neovascular pericytes [17] , which is currently in phase 3 clinical trials to treat AMD [18] . MP0112 (Molecular Partners, Zurich, Switzerland; and Allergan, Fort Worth, TX) uses designed ankyrin repeat proteins (DARPins), which are in a novel class of proteins that combine the high specificity and affinity binding to a target protein associated with antibody therapeutics with good molecular stability, tissue penetration and ease of manufacturing [19] . MP0112 selectively binds all VEGF-A isoforms [20] and has completed Phase I/IIa clinical trials in wet AMD and diabetic macular edema. ARC1905 (Ophthotech), an anti-C5 aptamer, completed a phase I study for dry AMD [21] and combination therapy with Lucentis® for wet AMD [22] . FCFD4514S (Genentech, South San Francisco, CA) which selectively inhibits complement factor D, completed a phase II clinical trial for geographic atrophy [23] . Adalimumab (Humira®, AbbVie, North Chicago, IL) is a TNF-alpha inhibitor, which was approved for rheumatoid arthritis, has been studied in a phase II clinical trial for CMV secondary to AMD [24] . There are other macromolecular drugs under development as well that are not listed here [3, 4, 25] .
Ocular anatomy and drug delivery barriers

Ocular anatomy
The human eye (see Fig. 1 ) is an approximately globular structure with a diameter of 24 mm, and a mass of about 7.5 g [26] . Each ocular tissue has a distinct structure that plays a necessary function in enabling visual perception. As the eyes occupy less than 0.05% of the total body weight [27] , each ocular tissue is compact and only several cell layers thick. Furthermore, since the eye is a part of the central nervous system and thus "immune privileged", there are barriers in the eye meant to keep the systemic circulation separate from ocular tissues [28] [29] [30] .
The smaller anterior portion is primarily responsible for collecting and focusing light, and the larger posterior portion is responsible for detecting light. The eye is composed of three concentric adjoining tissue layers. The outermost layer is a collagenous layer that encircles the eye and provides it with mechanical strength. In the anterior portion, the collagen layer, called the cornea, is transparent to visible light and focuses the light on the retina. In the posterior portion, the collagenous layer is opaque and called the sclera. The middle layer, termed the uvea, is a pigmented layer that comprises the iris and ciliary body in the anterior portion and the vascular choroid in the posterior portion. The iris serves as a biological aperture to control the amount of light entering the eye. The ciliary body secretes aqueous humor, which provides the nutrients to the avascular tissues in the anterior segment and maintains the intraocular pressure. The choroid is a vast network of capillaries that supplies the retina with nutrients. The innermost layer is the neurosensory retina, which detects and transduces light signal to the brain. In between the anterior and posterior segments is the lens, which is responsible for further refracting the light entering the eye. The anterior segment is filled with aqueous humor, and the posterior segment is filled with the gelatinous vitreous humor.
Cornea and anterior barriers
The cornea is a~500-μm-thick transparent collagenous structure that provides the majority of the refractive power of the eye and is the primary barrier to topic drug absorption [31] . The main layers of the cornea, from anterior to posterior, are the corneal epithelium, corneal stroma, and the corneal endothelium. Only moderately-charged small molecules are able to penetrate through the cornea [32, 33] . The corneal epithelium forms tight junctions that limit the passage of hydrophilic molecules [34, 35] . The collagen fibers of the stroma are charged (limiting the passage of hydrophobic molecules) and highly organized (acting to sieve larger molecules). Furthermore, there is a constant flow of a tear film across the outer surface of the cornea [36] . The limited diffusion across the cornea and limited capacity of the lacrimal lake result in a low bioavailability of 1-7% for most approved drugs and much lower bioavailability for other compounds, including macromolecules [37] .
The conjunctiva is a thin translucent layer that is superficial to the sclera but not the cornea. The conjunctival epithelium also poses tight junctions that prevent easy penetration of the molecules [38] .
The intercellular spaces in the conjunctival epithelium are wider than the cornea and therefore more permeable to larger molecules [38] . In addition, there are many blood and lymphatic vessels throughout the subconjunctiva that remove molecules or particulates that land on the scleral surface of the eye [39, 40] . For this reason, drug molecules that are absorbed across the conjunctiva are often taken up by this vasculature and carried away from the eye into the systemic circulation.
The intraocular environment, such as the aqueous humor, is protected by the blood-aqueous barrier, which is composed of the endothelial cells in the uvea and non-pigmented layer of the epithelium of the ciliary body. The blood-aqueous barrier allows both active and paracellular transport, which is controlled by the tight junctions. Fluorescently labeled dextrans as large as 150 kDa are able to cross the blood-aqueous barrier [41] .
Sclera and choriocapillaries
The sclera also poses a barrier to diffusion of macromolecules. In vitro studies have shown a variety of molecules that are able to penetrate the sclera, although permeability drops off steeply at high molecular weight [33, [42] [43] [44] [45] [46] [47] (See Table 1 ). In vivo, proteins as large as 145 kDa were shown to penetrate though the sclera and were detected in the choroid in rabbits [48, 49] . In ex vivo human sclera, up to 150 kDa dextran and 149 kDa bevacizumab were able to penetrate across the sclera [47] .
Choriocapillaries, composed of fenestrated endothelial cells, can hinder passage of macromolecules. An in vivo experiment with various proteins in rats showed that 40 kDa horseradish peroxidase was able to penetrate rapidly across the capillaries but penetration of hemoglobin (68 kDa) and lactoperoxidase (84 kDa) was significantly restricted [50] . In another study, permeation of ferritin (480 kDa) in mouse, rabbit and guinea pig was examined and most of the tracer remained in the choriocapillaries [51] .
Retina and blood-retinal barriers
The retina is the photosensitive layer that detects photons, processes light information, and transduces electrical impulses to the brain that are interpreted as vision. The retina is organized into layers with the photoreceptors in the outermost layer, interneurons in the middle, and the retinal ganglion cells in the innermost layer. The inner limiting membrane separates the retina from the vitreous humor. The retina itself is also a significant diffusion barrier to macromolecules. Diffusion of a compound with a molecular weight of larger than 76 kDa is severely limited in human retina [56] . The inner and outer plexiform layers are the sites with the highest resistance to the diffusion of macromolecules [56, 57] . Diffusion studies in human retina showed that macromolecules larger than 150 kDa were largely arrested at the inner limiting membrane of the retina [56] [57] [58] .
The blood-retinal barrier separates the neurosensory retina from the systemic circulation [29, 59] . The blood-retinal barrier is subdivided into the inner and outer blood-retinal barriers. The inner blood-retinal barrier lines the retinal vasculature, which supplies the inner retina, and is composed of the tight junctions between the endothelium of the retinal vasculature [60, 61] . Fluorescently labeled dextrans (3 kDa to 150 kDa) were tested for permeation across the inner blood-retinal barrier, however, labeled dextran of any sizes were not detectable [41] . The outer blood-retinal barrier is comprised of the retinal pigment epithelium (RPE), which lies between the photoreceptors and the choriocapillaries [62] [63] [64] . The RPE is a hexagonal monolayer whose function is to (i) physically and metabolically support the photoreceptors, (ii) selectively transport nutrients to photoreceptors and waste out of the subretinal space and (iii) absorb scattered light [63, 64] . The tight junctions in RPE pose significant barriers to macromolecules. Permeation of 376 Da to 77 kDa fluorescently tagged molecules showed exponential decrease in permeability in excised bovine eyes. The 77 kDa fluorescently-labeled dextran showed 35-fold smaller permeability compared to the 376 Da molecule [55] . 3. Routes of administration
Systemic delivery
Oral administration and parenteral injections are the two most common methods of delivery that can achieve systemic dosing. Systemic delivery of drugs can be used to treat ocular conditions, however the small size of the eye and ocular barriers prevent the favorable partitioning of drugs into the eye even for small molecules [55, 65, 66] . Furthermore, systemic treatments are subjected to modification by the liver and clearance by the kidney. Though a larger dose may be used to overcome these challenges, this can result in systemic side effects and possible toxicity if the therapeutic window is exceeded.
Oral delivery is used as a noninvasive method to deliver drugs systemically; however, it has been shown that limited penetration into the targeting tissue and systemic side effects are often associated with oral delivery [67] . Drugs administered orally are subjected to the harsh environment of the gastrointestinal tract and to the first-pass metabolism of the liver. Due to extremely poor absorption across the gastrointestinal tract, macromolecular therapies are rarely given as an oral medication. Furthermore, few compounds, usually small molecule therapeutics of the analgesic, antibiotic, and antiviral classes, have been investigated as oral medications for ocular diseases [68] [69] [70] .
Following parenteral administration, the blood-aqueous barrier and blood-retinal barrier are the major obstacles preventing drugs from entering the eye [6] . Both layers contain tight junctions that prevent the drugs from penetrating into the eye [66] . Due to the large size of macromolecules and poor absorption across many ocular barriers, macromolecules are typically not given systemically for ocular delivery [6] . In addition, increased doses of macromolecules can increase the severity of systemic side events due to off-target effects. Bioavailability of macromolecules in the back of the eye is very low when given systemically [71] . In one study, systemic administration of a radiolabeled protein showed very high drug levels in the blood and liver, but no drug was detected in ocular tissues [72] .
The efficacy of the systemic delivery will be impacted by the integrity of the ocular barriers in disease. For example, a clinical study was done to test the efficacy of systemic bevacizumab in an uncontrolled open-label study in 18 patients with classic CNV with compromised RPE layer. In this study, patients were treated at baseline with 3 doses of bevacizumab by intravenous infusion over a period of 6 weeks. The assessment showed an increase in visual acuity by 14 letters and decreased thickness of the retina by 112 μm, indicating successful delivery to the back of the eye by systemic administration, probably enabled by the compromised RPE [73] . Although no serious systemic adverse events were identified through 24 weeks in this study, careful consideration has to be given before using systemic administration due to the high systemic concentration of the injected drug.
Extraocular delivery 3.2.1. Topical delivery
Topical instillation of ophthalmic drops can be the most convenient method to administer pharmaceutical agents for the treatment of ocular disease that manifest on the ocular surface or in the anterior segment. The limited capacity of the lacrimal lake in comparison with the typical volume of an eye drop limits the contact time of the eye drop with the eye. The vast majority of the eye drop is washed away within minutes, though viscosity enhancers can increase this residence time. Diffusion, and sometimes other applied forces, are used to drive drug molecules through the corneal barriers into the eye. Because of limited tissue penetration with these methods, topical delivery is usually used for external, corneal, and anterior segment diseases. This route has been used clinically to treat diseases found in the cornea, conjunctiva, sclera, iris, ciliary body, and aqueous humor, though efficacy has been demonstrated in some studies for posterior segment diseases experimentally [74, 75] .
Topical administration is simple enough that patients are generally able to self-administer eye drops, although compliance with daily regimens can be low [76, 77] . The structure of the cornea (see previous section) only allows significant passage of small molecules that are moderately lipophilic. As a result, macromolecule solutions penetrate through the corneal barriers of the eye at very low rates, which in most cases are insufficient for therapy. An ex vivo human cornea diffusion study of serum albumin (66 kDa) and myoglobin (16 kDa) showed low diffusivities of 3.10E−8 and 5.5E−8 cm 2 /s [52] . In another study, bevacizumab was barely detected beyond the superficial layer of the corneal epithelium in mice with intact corneas even after 7 days of topical administration [78] . In vivo, a pharmacokinetic study also showed aggressive delivery (1.25 mg/0.05 mL six times daily) of topical bevacizumab failed to reach therapeutic concentration in the iris, choroid, retina, and vitreous [49] .
Subconjunctival delivery
An injection into the subconjunctival space is a widely used periocular route of delivery. The subconjunctival space can be accessed with an injection deep into the bulbar conjunctiva and superficial to the sclera. The human subconjunctival space is highly expandable and is able to accommodate up to 500 μL [79] . Subconjunctival routes can be used for sustained-release delivery because a drug depot can be formed in these spaces. Subconjunctival administration is a potential way of delivering drugs to targets in the anterior segment and/or posterior segment [59, 80] . In vivo, proteins as large as 145 kDa were shown to penetrate through the sclera and were detected in the choroid, but mostly cleared by the systemic circulation and, thus, very small and well below the therapeutic concentration was detected in the retina [48, 49] . However, drugs injected into this space are often rapidly cleared into the systemic circulation. Micro-/nano-technology and/or physical methods, such as ultrasound and iontophoresis, can be combined with periocular administration to improve bioavailability after periocular delivery of macromolecules [81, 82] .
Intraocular delivery
Intraocular drug delivery techniques seek to deposit the therapeutic agent in the eye, in some cases targeted directly at the site of action. This can shorten the distance drugs need to diffuse to increase local drug concentration, reduce drug delivery to other off-target sites to lessen side effects, and bypass ocular epithelial and other barriers to increase bioavailability.
Intrastromal delivery
The corneal epithelium along with tear fluid drainage poses a significant barrier to drug delivery into the cornea. To overcome the low penetration of topically applied drug, intrastromal injections can be utilized. Furthermore, the cornea can serve as a reservoir for large molecular weight drugs. Densely packed corneal stromal structure and proteoglycans in the corneal stroma hinder the diffusion of macromolecules inside the stroma [53, 83] . Intrastromal injection of immunoglobulin G and serum albumin showed extremely high half-lives of 26 and 9 days, respectively, inside the stroma due to hindered diffusion inside the densely packed stromal structure [53] . Recently, anti-VEGF treatments have been used to treat corneal neovascularization [84] . Intrastromal delivery of anti-VEGF therapy (bevacizumab) showed a dramatic regression of corneal neovascularization with an increase in visual acuity [85] . Intrastromal delivery of macromolecules is an attractive modality to deliver drugs because of their extended half-life inside the avascular corneal stroma [86] . Thus, intrastromal injection is a viable modality to deliver macromolecules directly into the cornea.
Intracameral delivery
Intracameral administration is the injection of a drug into the anterior chamber of the eye. Intracameral injection has been explored to improve the delivery of low bioavailability drugs to both the anterior and posterior segments of the eye, although intracameral injections are not able to deliver significant concentrations of drugs to the posterior segment of the eye [87] . They can, however, be used to deliver drugs into the anterior segment, such as prophylactic delivery of antibiotics after cataract surgery to prevent endophthalmitis [86, 88] . Intracameral injection of antibiotic [89] and antifungal [90] agents has been used to treat deep corneal infections.
A few studies have investigated intracameral administration of macromolecules (bevacizumab). These studies showed that intracameral administration was more effective in reducing neovascularization of the cornea [91] and iris [14] [15] [16] than subconjunctival injections [91] . Intracameral administration of anti-VEGF therapy did not cause morphologic changes of corneal endothelial cells in the rabbit model [92, 93] . However, to combat the rapid turnover of fluid in the anterior chamber, repeated intracameral injections would be needed to maintain therapeutic concentrations of drug over time, which brings an increased risk of infection. Care should be taken when injecting polymeric sustained-release formulations into the anterior chamber, because injection of microparticles can cause physical clogging of the aqueous outflow facility and consequently increase intraocular pressure [94] .
Intrascleral delivery
Intrascleral drug delivery has been explored as a possible delivery route to the back of the eye [39, [95] [96] [97] . The sclera is permeable to many drugs, including macromolecules (Table 1) , and can potentially act as a drug reservoir for extended-release delivery [98, 99] . Diffusion of molecules deposited in the sclera of the eye is mediated by the drug molecule's size and/or its binding characteristics to the sclera. Studies have shown that periocular and peribulbar (i.e., extraocular) injections that rely on transscleral movement of drugs have been used as a method to deliver drugs to the chorioretina [39, 87, 100, 101] . However, extraocular delivery did not result in significant chorioretinal targeting.
Other studies have hypothesized that placement of drug within the sclera would result in higher concentrations of drug delivered to the chorioretina [95] [96] [97] . One study demonstrated that a hollow microneedle (200-300 μm in length) that partially penetrated the sclera could be used to inject drugs intrasclerally [97] . The microneedle allowed for a more simplified approach (i.e., potentially can be done in a clinic setting) to inject up to 35 μL of drug solution or suspension (~1 mg solids). No in vivo or clinical application of this delivery route has been further explored. See Section 3.2.2 for more information on scleral permeability.
Intravitreal delivery
Intravitreal administration is commonly done by injecting a drug solution or suspension into the vitreous cavity in the center of the eye. In 1998, the FDA approved an intravitreal injection of an antisense oligonucleotide compound to treat retinitis [102] . The injection procedure is generally done in the clinic under local anesthetic. A 27-or 30-gauge needle is pierced through the pars plana, which is a relatively avascular zone in the eye approximately 3 mm posterior from the limbus. A volume of 20-100 μL can generally be injected into the vitreous humor without adversely affecting vision [103, 104] . Intravitreal injection is the main modality to deliver macromolecules to the posterior segment and into the eye.
An intravitreal injection is an invasive procedure that requires the penetration of all layers of the ocular globe, which, therefore, can be associated with complications, including endophthalmitis, retinal detachment, iritis, uveitis, intraocular hemorrhage, cataract, and hypotony, which can be caused by either the injection procedure or injected drug. The prevalence of endophthalmitis is estimated to be 0.3% per injection and 0.9% per eye [103] . Should these complications arise, permanent vision loss in that eye is possible. Although repeated injections potentially increase the rate of complications, it is not uncommon to have intravitreal injection on a monthly basis. Therefore, novel delivery methods that can deliver long-term controlled-release formulations could significantly reduce complications caused by repeated injections. Care must be taken to ensure that the injected formulation is transparent and does not impair vision.
Currently, many biopharmaceuticals to treat choroidal and retinal diseases are given as intravitreal injections [105] , including the macromolecules pegaptanib sodium [106] , bevacizumab [107] , ranibizumab [108] , and aflibercept [109] for the treatment of neovascular AMD. Anti-VEGF drugs bevacizumab (149 kDa) and ranibizumab (48 kDa) have reported half-lives in the rabbit eye in the vitreous of 4.32 and 2.88 days [110] . Pharmacokinetic analysis after a single intravitreal injection of 1.25 mg bevacizumab was able to reach peak concentration 93 μg/mL in choroid/retina and maintained the minimum concentration to fully inhibit neovascularization (500 ng/mL) [111] for 7 weeks in the rabbit [49] . To have their therapeutic effect, the drug molecules must diffuse through the vitreous and to the chorioretina. Furthermore, the drug must permeate across the multiple sub-layers of the retina and the RPE to reach the choroid; these two layers represent significant barriers to diffusion, especially for macromolecules [28, [112] [113] [114] [115] . The barrier ability of the RPE layer has been demonstrated by several studies, which show that intravitreal delivery of anti-VEGF therapies is more effective with a compromised RPE layer [116] [117] [118] .
Drugs injected into the intravitreal space are cleared either by the anterior or posterior route [119] . The anterior elimination is through aqueous humor via the trabecular meshwork and uveoscleral outflow. The posterior elimination involves passive diffusion of molecules across the blood-retinal barriers. Large molecular weight drugs tend to have half-lives inside the vitreous humor of days to weeks, although this depends on the molecule and formulation [120] . Small drugs are likely to escape from the vitreous more easily than macromolecular pharmacotherapies. In order to increase the half-life, pegaptanib was PEGylated to increase its molecular weight [121] .
Suprachoroidal delivery
Suprachoroidal injections are designed to place drugs in the suprachoroidal space (SCS), which is a potential space found between the sclera and choroid. As demonstrated previously, the SCS can be accessed by surgically cutting through the conjunctiva and sclera, and a catheter can be snaked to the SCS behind the macula [122, 123] . More recent studies have shown that a microneedle can also be used to penetrate the sclera and deliver a drug suspension or solution into the SCS [124, 125] . Normally, the SCS is collapsed down due to the deformability of the chorioretina and the hydrostatic pressure in the eye [126, 127] . However, positive pressure from the injection can cause the space to expand and incorporate fluid [124, 125, 128] . SCS delivery is expected to be advantageous compared with other methods because of higher bioavailability, higher local concentration of drug in the choroid, fewer side effects due to focal targeting, and no obstruction of the visual axis [122] [123] [124] [125] . SCS injections may enable improved efficacy in treating choroidal diseases, compared with intravitreal injections, since the drugs are delivered directly to the target tissue of the choroid [122, 124, 125] . However, high blood flow in the choriocapillaries (Table 2) can act as a sink that washes away small molecules and macromolecules deposited in the SCS on a timescale as fast as hours [59, 129, 130] . Thus, SCS injections may be best used with sustained-release delivery systems. The pharmacokinetics of SCS delivery would also be affected by the integrity of the choroid and RPE layer in disease state.
Because SCS delivery targets the vascular choroid, this route of administration results in faster drug clearance with a limited drug reservoir, compared with intravitreal injections. For example, a bevacizumab delivered into the SCS did not have the sustained release profile seen for bevacizumab injected intravitreally [130] . Bevacizumab delivered into the SCS was not detectable one week post injection [130] . Similar results were seen with an injection of ketorolac in a perfused ex vivo porcine eye [129] . These drugs were likely cleared from the SCS by high blood flow of the choriocapillaries (Table 2) , which forms the deep border of the SCS.
In contrast, studies with polymeric particles injected into the SCS using microneedles showed that nanoparticles as small as 20 nm and microparticles as large as 10 μm could be injected into the SCS and were not cleared for up to at least 2 months [124, 125] . The unfenestrated choriocapillaries have pores that are capable of clearing nanoparticles up to 12 nm in diameter [62] . Thus, bolus delivery of macromolecules to the SCS may be achieved without special formulation, but sustainedrelease delivery may require drug-encapsulation and release from particles with diameters significantly greater than 12 nm or other controlled-release formulations.
Subretinal delivery
The subretinal space is the extracellular space that exists between the photoreceptors of the retina and the RPE layer [133, 134] . The subretinal space is a loosely organized space several microns in thickness [135] . In order to overcome the barrier properties of the retinal inner limiting membrane and RPE, subretinal administration can be utilized. Subretinal administration is often used for targeting macromolecules specifically to retinal cells [136] , often in the context of gene therapy [137, 138] . Subretinal injections are generally made via transcorneal or transscleral routes. Injection through the transcorneal route passes through the iris, lens and vitreous [139] , whereas the transscleral route enters through the pars plana and vitreous [140] . Subretinal space injection has been used clinically [141] , but long-term safety of this injection procedure has not been fully studied. Subretinal injection can lead to detachment of the photoreceptors from the RPE, which can result in the irreversible death of photoreceptors if not reversed quickly.
Controlled-release delivery
Polymeric formulations
Biodegradable polymeric particles
Biodegradable particles for ocular drug delivery can be composed of biocompatible polymers, which degrade into their monomers and other byproducts that are safely cleared by the body [142] . In the case of small molecules, numerous compounds have been encapsulated in polymeric particles such as polylactic-co-glycolic acid (PLGA) for sustained release purposes with high encapsulation efficiency [143, 144] . When formulated as particles, these particles can be mixed with a fluid carrier and delivered via many routes, such as topical, periocular, suprachoroidal, and intravitreal injections [124, 143, [145] [146] [147] . The rate of drug release is thus determined by the degradation rate of the polymeric particle, which is often designed to provide sustained drug delivery for weeks or months [145] . To date, microsphere formulations for ophthalmic diseases have reached the pre-clinical stage, but have not yet reached a market [148] . One barrier to ocular applications has been the need to establish safety of biodegradable particles and their biodegradation products in the eye, formulation stability, and control of release rate [148] [149] [150] [151] [152] .
Intravitreal injection of polymeric particles could cause clouding of the vitreous because the particles can scatter light [153] . Microparticles tend to sink to the lower part of the vitreal cavity, while nanoparticles are more susceptible to cause clouding in the vitreous [153] . Periocular injections, such as subconjunctival injection, are also an attractive modality to deliver sustained release formulation. A study showed 20 nm particles were rapidly cleared from the rat periocular space following posterior subconjunctival injection, whereas 200 nm particles persisted for at least two months [154] . Periocular circulation (episcleral and lymphatic) was suggested to play an important role in the clearance of the smaller nanoparticles. Due to the systemic clearance of molecules from this space, subconjunctival injections cannot typically be considered targeted only to the eye.
A short fragment (40 amino acids) of anti-angiogenic pigment factor (PEDF) has been loaded into nanospheres and showed release over 40 days in vitro [155] . Biodegradable microspheres have been engineered to release pegaptanib sodium (anti-VEGF aptamer) continuously at the scleral surface for up to 20 days [156] . Intravitreal PLGA microspheres released pegaptanib over several weeks after injection [157] . Bevacizumab was released for 2 months in vivo using nanoparticles with a porous microparticle system [147] . Microspheres have also been used to deliver anti-TGF-beta2 oligonucleotide using subconjunctival injection to increase bleb survival rate after glaucoma filtering surgery, which achieved in vitro release of the oligonucleotide for 30 days using PLGA microspheres [158] .
There are significant hurdles for integrating macromolecules in a carrier matrix without compromising structural integrity and activity and controlling release rate and duration of release [159] . Microsphere technology is one of the most studied areas in sustained release technology. However, it is difficult to get long-term release of macromolecules for more than a few weeks to months at a therapeutic level.
Biodegradable polymeric Implants
Biodegradable polymers can also be formulated as implants that encapsulate drugs for controlled release. The main advantage of using biodegradable implants is that the larger drug loading, due to the larger dosage form size, and the smaller surface-to-volume ratio of the biodegradable implants compared to polymeric particles, allows prolonged drug release. Biodegradable implants are capable of releasing drug for many months. Implants can be introduced into the body by minor surgical techniques and many implants are placed directly in the vitreous or on the sclera for the drug formulation to release into the eye. Currently ophthalmic biodegradable implants for macromolecular drugs are not available clinically.
Biodegradable implants suffer from similar challenges as biodegradable polymeric particle systems, which include maintaining stability, control of release rate, duration of release and safety of biodegradation products [160] . Similar to biodegradable polymeric particle systems, the release profile from implants can be affected by different parameters such as drug loading, surface area and volume of implant, polymer composition and molecular weight, and solubility of the drug [161] . Biodegradable intravitreal implants for macromolecules have been previously demonstrated in a preclinical study.
Human recombinant tissue plasminogen activator (t-PA, a thrombolytic agent) loaded into an implant was inserted into the vitreous and shown to release t-PA at a rate up to 0.5 μg/day for 2 weeks [162] .
A few ophthalmic implants for delivering small molecular weight drugs to the eye are available on the market. Ozurdex (Allergan, Irvine, CA) is approved for the treatment of macular edema but has been used off-label for uveitis too [163, 164] . Ozurdex is a biodegradable implant consisting of 0.7 mg of dexamethasone within a PLGA copolymer matrix that is implanted in the vitreal cavity and releases drug for 6 months [165] . The formulation approach used in Ozurdex was also evaluated for delivery of brimonidine tartrate in clinical trials [166] . Biodegradable implants are more susceptible to non-linear release kinetics and burst release compared to nonbiodegradable implants [160, 161] . If the implants can be made small enough, they can be inserted into the eye using a minimal surgical procedure. [131, 132] 4.1.3. Non-biodegradable implants Non-biodegradable implants (i.e., reservoir type) typically contain a drug core surrounded by a semipermeable membrane allowing steady release of drug with zero-order kinetics for up to months to years [167] . However, these implants must be removed or refilled, which can involve a second surgical intervention, after they are expended. There are a few clinically approved non-biodegradable implants that release small-molecule drugs into the vitreous for a prolonged period of time. Minor surgery is required to place the implant at the pars plana and typically anchor it to the sclera via a suture. Due to this surgical procedure, non-biodegradable implants are more prone to complications, such as retinal detachment. For the extraocular non-biodegradable implants, possible chronic irritation and scar formation are drawbacks [168, 169] .
To date, non-biodegradable implants for macromolecular weight drugs have not yet reached the market. An osmotic pump implant has been used to deliver IgG across sclera for 28 days. However, due to large size of the implant, the main compartment was implanted in the subcutaneous space and connected using a brain infusion kit to the sclera [101] . For small molecules, there are numerous implants available on the market. The first reservoir-type implant approved was the Vitrasert® (Bausch & Lomb, Rochester, NY) [170] . This ganciclovir-releasing implant was extensively used in the treatment of cytomegalovirus retinitis [171] and is capable of releasing drug for up to 5 to 8 months [172] . Another reservoir-type non-biodegradable implant is Retisert® (Bausch & Lomb). Retisert is used to release fluocinolone acetonide for chronic non-infectious uveitis [173, 174] , but it has also been used for diabetic macular edema off-label [175] . Non-biodegradable implant systems for controlled release delivery of macromolecules could be an attractive dosage form if suitable implant design can achieve smaller form factor and maintain stability of the biopharmaceuticals during the implant's lifetime in the body.
In situ gelling formulations
In situ-forming gels involve low-viscosity solutions that undergo phase transition to form a gel after a stimulus. The phase transition can be mediated by various stimuli, such as changes in temperature, pH, and ionic composition. Numerous in situ polymeric gelling (or thickening) systems, such as chitosan [176] , poloxamer [177] , hydroxypropylmethylcellulose [178] and polycaprolactone [179] , have been developed for use in the eye. In situ gelling systems are generally used as a method to increase the precorneal residence time of topically applied drugs, which can increase bioavailability of small-molecule drugs [180, 181] , but may not be applicable to macromolecules because of their extremely poor permeability across the corneal epithelium. In situ gelling formulations have been studied for delivering macromolecules as an injectable, which avoid surgical implantation and enables extended release. Recently, suprachoroidal delivery of anti-VEGF therapy was demonstrated for 60 days in vivo [182] using a light-activated in situ forming gel. A thermosensitive in situ gelling injectable was developed for ocular delivery of bevacizumab and demonstrated in vitro release of bevacizumab for 18 days [183] . In situ gelling system allows easy administration of sustained release materials to the desired site. However, it is difficult to get long-term release of macromolecules for more than a few weeks or months at a therapeutic level.
Delivery using cells
For lifelong diseases, encapsulated cell technology offers a technique that can result in the delivery of therapeutic agents in perpetuity. The principle of encapsulated cell technology (ECT) is to entrap genetically engineered cells within a semipermeable matrix such that they are immunologically isolated from the host's body [184] . The cells are genetically designed to produce and release therapeutic substances (e.g., proteins). The encapsulated cells are protected from the host immune system by the matrix and cannot transmigrate away from the implant.
The semipermeable membrane that surrounds the implant allows the passage of nutrients into the cells in the matrix and the release of the therapeutic substance from the implant. Encapsulated cell technology allows sustained delivery of pharmacotherapies by continuous expression of the protein without genetic alteration of the host cells [184] . Other studies have examined delivery of gene-based therapies to the patient's endogenous cells, which is beyond the scope of this review, but has been discussed elsewhere [185, 186] Previously, ciliary neurotrophic factor (CNTF) has been shown to protect the retina from degeneration in an animal model of retinitis pigmentosa [184, 187] . This technology has now proceeded into clinical trials for the treatment of AMD [188] and retinitis pigmentosa [189] . In this study, each of the 10 patients was implanted with a device for 6 months. During this time, the patients reached and maintained visual acuity increased by 10-15 letters [187] . ECT is a potentially powerful and attractive modality for long-term delivery of macromolecules.
Conclusion
Over the past decade, macromolecular pharmacotherapies have gained significant interest and increasing impact on clinical medicine. A few macromolecular drugs are already used in the eye, especially for anti-VEGF therapy of AMD, and many new macromolecular therapies are currently under development. However, ocular delivery of these biopharmaceuticals is challenging due to their large molecular weight. Conventional extraocular delivery methods, such as topical eye drops and periocular injection, have low bioavailability and limited targeting of macromolecules. Intraocular delivery methods, including intravitreal injection, with the possible use of polymeric controlled release systems to minimize the frequency of injection, are of significant interest for delivery of macromolecules to the eye. Future challenges must address reducing the frequency of treatment when administered by healthcare personnel (e.g., through controlled release), increasing drug targeting to the intended sites of action to increase efficacy and safety (e.g., through physical and chemical targeting approaches) and increasing the bioavailability of extraocular delivery methods (e.g., through novel formulations).
